Introduction
Creating conductive textiles (e-textiles) is a prerequisite for realizing the idea of a textronics system. This problem was being solved by producing a conductive material in the form of a typical textile product (fabric, knit, or nonwoven fabric) or by forming a conductive layer integrated with the surface of the textile product. The conductive fibers are the basis of the electrically conductive textile product. Such textiles are used for connecting electronic components, creating of electronic circuits, signal transmitting in measurement systems, filling in the role of passive components such as antennas and as sensor electrodes, and power suppliers to textronics systems [1] [2] [3] . The oldest and relatively simple idea was to wrap thin Ag, Cu wires into a textile product during the weaving, knitting, embroidery, or nonwoven fabric processes. This technique is still used, for example, in the manufacture of antennas integrated into clothing [1] . Conductive fibers produced by doping intrinsically conductive polymers such as polyaniline, polypyrrole, polythiophene (PT) and poly(3,4-ethylenedioxythiophene) (PEDOT) achieve conductivity of 1 S/cm [4] . Higher fiber conductivity can be achieved in conductive polymers with various additives such as metallic nanoparticles, nanowires, carbon particles (CP), carbon nanotubes (CNTs) [5] , and recently graphene [6] . Another group of conductive fibers includes nonconductive surfacemetallic yarns, including para-aramid nickel and gold-plated yarns Kevlar with a conductivity of 6 S/cm, Ag-coated nylon fibers with an electrical conductivity less than 18 S/cm [7] , and para-aramid fibers Kevlar covered with copper layer [8] . The silver-coated mono-or multifilament polyester fibers and silver-coated polyamide fibers are commercially available.
Metallic fibers (stainless steel, copper, precious metals) are also produced, also twisted with nonconductive polymer fibers in the spinning process. The best electrical conductivity is obtained in the case of the metallic core and the outer polymer coating and even with the liquid metal core [8] . Techniques that use conductive fibers are usually complex but do not allow for a variety of functionalities of textile products such as layered (surface) techniques. Recently, there has been a growing interest in thin-film conductive materials related to the needs of flexible and printed electronics, photovoltaic technologies, flat panel displays, OLEDs, and other electronic and optoelectronic devices based on these materials. Thin metallic layers (mainly Ag, Au, and Cu) [10] , transparent oxide layers [10, 11] , carbon nanotube layers [12] , and graphene layers [13, 14] should be mentioned. PVD vacuum physical deposition, CVD chemical vapor deposition, printing, electrostatic coating, and sputtering are used to coat the surfaces of textiles with metallic conductive layers. Such coverings play a variety of roles, for example, protect against thermal radiation or they are masks against the thermal sensors [15], and also are used for anti-static protection. They are produced on various types of textile substrates and by various methods, such as chemically silver-coated polyester fabrics or fabrics made of cotton and polyester filaments [16] .
Shielding against electromagnetic fields is an important application of metalized fabrics which are produced by the sputtering method, such as the Zn-Bi alloy on polypropylene fabric [17] . Much research has been done to produce conductive fabrics via impregnation. Specialized advanced technology has recently been proposed by the authors of this paper [18] . The silver nanowires, which are absorbed on viscose microfiber fabrics, also filled the space between fibers, creating a network
Abstract:
In 
Keywords:
smart textiles, PVD, textronics, thin conductive layers, mechanical properties, plasma modification with a very low resistance varying only varying only from 0.0047 Ω to 0.0091 Ω in the strain range of 0-190%. A simple and effective technique for producing conductive fabric is presented in [19] . Cotton and polyester fabrics immersed in a single-walled carbon nanotube dispersion and dried at 120°C showed a very low surface resistance value of <1Ω/sq, which made it possible to construct a capacitor for energy storing. The technology of printing is the development of saturation technology. Printing can be limited to the surface layer formation; it can also use the natural porosity and absorbency of textile substrates to penetrate ink into a greater depth or through the fabric [20] . The reactive printing is an important refinement of conventional printing with mostly silver-based conductive inks. The process consists of simultaneous printing of substances from two (or even more) printing heads. The substances react almost immediately after printing [21] . Traditional screen printing technology can be used to produce conductive elements of desired shape [22] . The abovementioned conductive layer coating technologies are not always suitable for producing conductive elements of a certain geometry and dimension such as a track or electrode arrangement. There are two conditions for the effective implementation of this task: (1) the formation of a layer with continuous electrical conductivity and (2) the ability of creating an element of a certain geometry and dimensions. Fulfilling the second condition is not possible using any layering technology. This condition can be fulfilled in a limited extent in the print or the screen printing technology. The production of conductive elements of assumed dimensions and shapes, as well as resistance values, is still an open problem. This article presents results of investigations of layer properties and conductive elements created by thermal vapor deposition on Cordura composite textile material.
Experimental
The study included the creation of Ag and Au conductive layers in the PVD process and the measurement of the surface resistance. In order to determine the suitability of the produced layers for textronics applications, changes of the surface resistance of the layers were investigated, taking into account two exposure factors: bending stresses and tensile stresses. Test samples after endurance research were examined with SEM microscope.
Materials
Due to the surface structure and strength parameters for testing as a substrate for electroconductive structure creation, the coated composite material Cordura® was used. This material is formed by covering a fabric made of nylon (polyamide) fibers in a 2/1 twill weave with a thin polyurethane film. The twisted weave in this fabric makes it difficult to grow and propagate accidental damage. The Cordura fabric is very light, durable, and fast drying, which make it suitable for using even in very difficult conditions. It is used mainly in products intended for army, special services, or in the construction of outdoor equipment.
Creation of conductive elements in the PVD process
The composite substrate prior to applying the metallic layer in the PVD vacuum deposition process was subjected to mechanical washing to eliminate contamination on the surface of the substrates. During the initial preparation of composite substrates, cleaning in organic solvents was done. Cleaning was done by rubbing with a soft cotton cloth dampened with solution (98 % ethanol, 2% isopropanol). The cleaning process lasted 2 s and next the samples were dried in the forced air flow. This procedure was performed three times every 30 s. Then substrates were conditioned at 22°C and a relative humidity of 55%.
The process of creating layers was carried out in the Classic 250 vacuum chamber of the Pfeiffer Vacuum system ( fig. 1 ) and lasted 5 min after achieving a 5 x 10 -5 mbar vacuum. To produce structures with good electrical properties, 99.99% pure gold and silver were used. In the process of metal pair deposition on textile substrates, the method of thermally induced vapor deposition was used. Test structures with simple geometry were made, which easily allowed to determine the surface resistance and dimensions are shown in Figure 2 .
The measurement of the thickness of the deposited layer on the flexible substrate was done indirectly. In each vacuum evaporation process, the layer was also applied to a reference glass placed in the immediate vicinity of the deposited substrate. The results of the layer thickness measurements on the glass were assumed to be equivalent to the film thickness deposited on the composite substrate (Cordura). The measurement was performed using the Dektak 3ST profilometer. As a result of 10 measurements of each layer, the average thickness of deposited layers was determined as 290 nm for Ag and 315 nm for Au layers.
The rate of deposition in PVD process was about 1 nm/s. Taking into account the measured thickness of layers and such low speed of the metallic layer growth, the penetration of metal into the substrate (Cordura) can be omitted.
Measurement of layer surface resistance
The measurement of the resistance of thin layers on dielectric substrates was made using the four-probe method. This method is often used for determining the electrical properties of well-conducting structures created on the surface with high electrical resistivity.
In order to avoid the influence of contact phenomena, the current contacts (1,2 in Fig. 3 ) and voltage contacts (3,4 in Fig.  3 ) were made by using ELPOX AX 15S electroconductive glue with low resistivity 1.6 × 10 -6 Ωm (made by AMEPOX, Lodz). All measurements of the surface resistance of the samples were made after placing the "sample-electrode" system ( Figure  3 ) in the air-conditioning chamber. The HM 8142 HAMEG Programmable Power Supply was used as a power source. The current was measured by the METEX-NDN M-4650 ammeter and the voltage was measured by METRA voltmeter top 52. Because of high conductivity of Ag and Au layers the current density is uniform in the whole cross-section of the conducting path. Therefore, it is justified to use the measuring system shown in Fig.3 . The sample resistance can be determined by the formula [23]:
where: R -is the resistance of the sample U → , U ← the voltage between the electrodes 3 and 4 for the two directions of current flow, I -the current value in the sample, equals for two opposite directions.
The impact of bending stresses
For examining the effect of bending stresses, the resistance test of cyclic bending layers was performed. The idea of the test is illustrated in Fig. 4a [22]. The research was carried out at the Institute of Textile Architecture of the Lodz University of Technology. A sample of material was fixed in the clamps, one of which is capable of swiveling by an angle of 2α = 90°. It is important that the rotation axis of the moving clamp coincides with the edge of the fixing of the sample. In each cycle, when the swing angle is 0°, the resistance of the sample was A B Figure 2 . The test structure of layers created in the PVD process on textile substrates: (A) geometry and structure dimensions; (B) the photo of the test structure applied to the Cordura substrate Figure 4b. 
The influence of tensile stresses
The Zwick Type 8487 textile strength testing machine was used in the study ( Figure 5 ).
The sample was placed between the insulating jaws of the tensile heads. The control of the device and also the recording of the elongation and force measurements were performed using TestExpert v.12.0 software. Tensile stress increased at a rate of 1 mm / min. Tensile strain measurements of the stressed layer were made online by recording data through a Sanwa PC5000A digital multimeter with interface and PC Link software that enables acquisition of measurement data on a PC via RS232 interface. Values measured with the frequency equaled 5 times per second were sent to the application. The data collected were correlated with the data from the strength machine, processed and analyzed in an Excel spreadsheet.
Plasma substrate modification
Studies on the effect of plasma modification on the electrical and strength properties of the created thin layers were carried out. The Plasma cleaner Femto device was used. The composite substrates were exposed to plasma for reactive ion etching (RIE) for 30 s. The oxygen plasma (oxygen 5.0 with purity of 99.999%) was used. The working pressure in the vacuum chamber was 0.3 mbar (30 Pa), the power of the plasma generator was 100 W.
Results and discussion

Characteristics of Au and Ag layers on Cordura substrate
The
In addition, in table 1, the calculated conductivity values of the layers are shown. It should be noted that for the estimation of electrical conductivity, the equal thickness of layers were assumed (as this measured on reference glass, section 2.2) and local variations of thickness related to surface geometry of the substrate were omitted. The electroconductive layers created on the plasma-modified substrate have a lower (about 40-45%) value of surface resistance. Because the thicknesses of the Ag and Au layers are similar (290 and 315 nm), the analysis of surface resistance measurements may provide a basis for comparing the properties of the deposited ayers. Due to the similar thickness of the layers, according to the authors, it is also justified to compare the resistance of Au and Ag layers to bending stresses (p.3.2) and the tensile stresses (p.3.3).
Resistance of Au and Ag layers on bending stresses
The results of the resistance tests on cyclic bending are shown in Figure 6 . The graphs show the dependence of the relative change in the resistance of the samples on the number of bending cycles. The fatigue strength of the studied layers should be assessed positively. Taking into account the rigorous test conditions (high bending stresses, i.e., bending by 90°), the sample resistance increased several times after several hundreds or several thousands of cycles. The nature of the changes for the Ag and Au layers is similar and typical for the behavior of the metallic layers on the flexible substrate. Unequivocal criteria for evaluating the results of such tests do not exist. However, according to the authors, the 10 times increase of the layer resistance can be accepted. It is justified with very small initial value of the resistances of the tested layers. Using this criterion, the Ag layer deposited on unmodified substrate would survive 120 cycles. The Au layer showed outstanding bending strength. The Au layers on nonmodified substrates would meet the above criterion up to 1400 bending cycles. Gold exhibits the highest plasticity, silver is the second in this classification. In the case of deposited layers, the influence of the elastic properties of the substrate is important. An additional factor is the adhesion of the layer to the substrate as a result of the kinetics of the layer formation. Lower resistance of Ag layers to bending stresses may also result from defect concentration. The reasons for the better properties of the Au layers therefore require further research. The favorable effect of plasma treatment on fatigue strength of Cordura is evident (Fig. 7c,d ). Durability to bending of the Ag layers has grown to 170 cycles, whereas electrical resistance of Au layers deposited on the plasma modified substrate has increased only five times after 13,500 cycles and the test was discontinued. Such strong improvement in the strength properties of the gold layers indicates the decisive importance of the adhesion forces between the layer and the substrate.
Differences in behavior of the layers on modified and unmodified media are confirmed by SEM electron microscopy images. They were obtained with the Hitachi S-4200 scanning microscope and are shown in Figure 7 . The surface density of the cracks in the bending area for both Ag and Au layers is many times lower for plasma modified substrates, but is greater in any case in Ag layers.
Resistance of Au and Ag layers to stretching stresses
The results of research showed very high resistance of the layers to the tensile stresses. For Au layers, continuous conductivity occurred up to the stresses causing the relative elongation of the sample to 60%. From the studies on mechanical properties of thin metallic layers, it is known that free, unbonded layers are interrupted with a stretching stress of 1-2%. The thin metallic sensor and its purpose, material, micro-or nanostructures and even the manufacturing process [28] . The elements of wearable electronics utilizing a rubberized fabric with carbon filler to read and record human posture and movement were studied up to 14% of deformation, with the 25% change in sensor resistance [29] . Thin layers of ordered single-walled carbon nanotubes as strain sensors withstood about 280% stress, and increased their resistance about 450% [30] . Changes in the resistance of the layers created on the Cordura substrate as a result of tensile stresses (Figure 8 ) confirm the perceptions of linearity and reversibility of the process for small values of elongation. The boundary elongation at which the surface resistance increases rapidly for Ag layers is about 24%, although the resistance has only increased four times. Au layers retained continuous conductivity even to an elongation greater than 60%, and at 24% elongation the rise in resistance was only four times. Comparison of the authors' results for the Au and Ag layers on the Cordura composite (Fig.8) with the above-mentioned literature results confirms their good strength properties.
Conclusions
The authors of the article have created electroconductive structures using the PVD method on a highly durable composite substrate. The surface resistance of the layers and their mechanical properties was examined. Studies on the effect of bending stress to the resistance of the layers showed their longevity. The surface resistance of structures increased several times just after several hundred or several thousand cycles. This resistance under tensile stress increased to a similar or lesser extent in comparison to changes in the layer resistance in textronics systems created with other technologies. The created Ag layers had continuous electrical conductivity up to a relative elongation of more than 20% and Au layers to an elongation over than 60%. Taking into account the small initial value of the surface resistance of the layers, the observed tensile stresses layers on very elastic rubber-like substrates have higher strength, without losing electrical conductivity after stretching to twice the length [23] .
Because there are no reports of mechanical properties of metallic layers on textile substrates, the authors compared the obtained results with the results for thin layer used in elastic electronics, which primarily concerned thin layers of gold with 25-500 nm thickness. This study assumes that the conductive pathways should be resistant to stresses up to an elongation value of 15%. In [24] it has been shown that a 10% relative change of layer resistance is linear and reversible to the stress of about 10%. The layer does not lose the conductivity to the stress causing the 22% elongation although the resistance increases 8 times.
The second comparison group for the obtained results is the tensile strength requirements imposed on the textronics systems. The greatest extent of the elongation of a garment is related to a person in motion, and in particular for a person who practices sport. For textronics, elements integrated with clothing the elongation do not exceed 15%, although the scope of the study is usually much wider. The comparison presented in [6] , which is connected to the wires made of textile material and applicated in wearable electronic, shows that during the tests the samples are subjected to the stress up to about 50% of elongation or to 100% relative resistance change. The obtained results can also refer to the results of tests concerning deformation-strain sensors. The smallest required deformation values are for sensors that measure, for example, blood pressure through deformation of the blood vessel, greater ones are related to the measurement of stresses in the moving joints or the respiratory system. Resistive sensors integrated with textile overlays for identifying human postures were tested up to 100% deformation when the 800% resistance change occurred [25] [26] [27] . A number of studies have also been published on deformation/stress sensors. The range of measured deformation values varies depending on the type of would not adversely affect the resistance of the conductive elements produced with the proposed technology. The Au layers manifest better mechanical durability both to bending tensions and stretching tensions. Moreover the gold layers have excellent chemical resistance, which is important, for example, in technology of reactive ink-printing for producing the sensors on textile substrates [21, 31] . Plasma modification significantly enhances both the electrical properties and the strength of the electroconductive layers created on textile substrates. These conclusions confirm the suitability of metallic layers created on Cordura composite for textronics applications.
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